
I SMALL-SCALE ENERGY STORAGE AND RELEASE AS THE CAUSE OF THE STELLAR X-RAY CORONA 

- see the  phenomenon i n  ac t ion ,  t o  s tudy  i t s  d e t a i l e d  working .  The e s s e n t i a l  e f -  
f e c t s  o c c u r  on s ca l e s  as  s m a l l  a s  lo2  km o r  less. So t he  sun i s  t h e  e s s e n t i a l  
l abo ra to ry  f o r  s tudying s t e l l a r  X-ray emission. 

It i s  c l e a r  f rom t h e  o b s e r v a t i o n s  of  t h e  s o l a r  corona  t h a t  t h e r e  a r e  two 
d i s t i n c t  s ta tes  of t h e  s t e l l a r  c o r o n a ,  depend ing  upon t h e  c o n n e c t i v i t y  of  t h e  
magne t i c  f i e l d .  The open magnetic reg ions ,  i n  which the  l i n e s  of f o r c e  extend t o  
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A b s t r a c t .  It has y e t  t o  be e s t ab l i shed  why ord inary  s t a r s  possess  X-ray coronas.  
D e t a i l e d  o b s e r v a t i o n s  of  t h e  sun  make i t  d o u b t f u l  t h a t  t h e  X-ray c o r o n a  i s  
produced  by t h e  d i s s i p a t i o n  of Alfven waves. The uniform X-ray br ightness  over 
a l l  scales from 104 t o  l o 5  km simply does not  look l i k e  a resonance phenomenon. 

It  i s  d e m o n s t r a t e d  t h a t  t h e  a r b i t r a r y  winding p a t t e r n s  introduced i n t o  t h e  
b ipo la r  magnetic f i e l d s  of t h e  X-ray c o r o n a  p roduce  d i s c o n t i n u i t i e s  w i t h i n  t h e  
f i e l d .  It  i s  s u g g e s t e d  t h a t  t h e  random motions of t h e  foo tpo in t s  of t h e  f i e l d  
cause the  accumulation of i n t e r n a l  s t r a i n s  i n  the  f i e l d ,  which d i s s i p a t e  t h r o u g h  
n e u t r a l  p o i n t  r e c o n n e c t i o n  a c r o s s  t h e  a s soc ia t ed  d i s c o n t i n u i t i e s  t o  provide t h e  
primary hea t  source f o r  t h e  X-ray corona.  It i s  emphas ized ,  however ,  t h a t  t h e  
e s s e n t i a l  high r e s o l u t i o n  observa t ions  of t h e  sun have y e t  t o  be c a r r i e d  o u t ,  and 
u n t i l  t he  theory  i s  f i rmly  e s t ab l i shed  f o r  t he  sun, w e  cannot  know how t o  i n t e r -  
p r e t  t h e  X-ray emission o f . t h e  sun o r  of o t h e r  s tars .  

1. INTRODUCTION 
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I n  c o n t r a s t  t o  t h e  open m a g n e t i c  r e g i o n s ,  t h e  c l o s e d  magnetic reg ions ,  i n  
which the  re -en t ran t  b i p o l a r  magnetic f i e l d  may be 10' gauss ,  a r e  copious emitters 
of X - r a y s .  The g a s  i s  trapped i n  the  magnetic f i e l d  and cannot escape,  wi th  t h e  
r e s u l t  t h a t  t h e  t e m p e r a t u r e  r i s e s  t o  2-3x106"K, and t h e  d e n s i t y  ( f r o m  t h e  
p h o t o s p h e r e )  b u i l d s  up t o  l o 1 '  atoms/cm s o  t h a t  t h e  p r i n c i p a l  energy l o s s  i s  
e lec t romagnet ic  emission a t  X-ray f r e q u e n c i e s .  The e n e r g y  consumpt ion  i s  ap- 
p r o x i m a t e l y  l o '  e rgs / cm '  s e c  (Withbroe  and Noyes 1977) .  Rosner ,  Tucker, and 
Vaiana (1978) have emphasized, from t h e i r  a n a l y s i s  of t h e  d e t a i l e d  observa t ions  of 
t h e  s t r u c t u r e  of t he  closed magnetic regions - t h e  X-ray corona - of the  s u n , t h a t  
t h e r e  i s  a d i r e c t  connection between the  s t r e n g t h  of  t h e  m a g n e t i c  f i e l d  and t h e  
energy output .  That i s  t o  s a y ,  a s  wi th  a l l  o the r  a spec t s  of s t e l l a r  a c t i v i t y ,  t h e  
X-ray emission i s  a magnetic phenomena. The magnetic energy d e n s i t y  i n  the  corona 
i s  20 o r  30 t i m e s  the  thermal energy dens i ty .  

For tuna te ly  t h e  observa t ions  of t he  sun go on t o  d e f i n e  t h e  problem r a t h e r  
c l o s e l y .  S tudies  of t h e  widths of coronal  l i n e s  (Beckers and Schneeberger, 1977; 
Bruner, 1978; Cheng, Doschek, and Feldman, 1979) p lace  an upper l i m i t  of  a b o u t  20 
km/sec on t h e  r m s  f l u i d  v e l o c i t i e s  i n  t h e  l i n e  of  s i g h t  i n  t h e  X-ray corona, 
s eve re ly  l i m i t i n g  the  energy t h a t  can be t ranspor ted  by Alfven waves. The o b s e r -  
v a t i o n s  a l s o  d i s c l o s e  t h e  remarkable  f a c t  ( c f .  Rosner, Tucker and Vaiana, 1978) 
t h a t  t he  i n t e n s i t y  of t h e  X-ray emission i s  e s s e n t i a l l y  independent  of t h e  s c a l e  
of  t h e  b i p o l a r  m a g n e t i c  r e g i o n  i n  which i t  occurs ,  from t h e  small X-ray b r i g h t  
p o i n t s  (104 km) t o  the  normal a c t i v e  r e g i o n s  ( l o 5  km). These  two c o n s t r a i n t s  
r e s t r i c t  t h e  t h e o r e t i c a l  p o s s i b i l i t i e s  f o r  p r o d u c i n g  ( i . e .  hea t ing)  t h e  X-ray 
corona. 

The obvious mechanism i s  the  coronal  d i s s i p a t i o n  of Alfven waves generated i n  
t h e  photosphere,  much as i n  the  coronal  hole .  The d i f f i c u l t y  w i t h  t h i s  i d e a  i s  
t h a t  w e  expec t  waves wi th  per iods  of t h e  order  of 10' sec, which have wavelengths 
of 2x105 km i n  t h e  corona. Yet these  waves must d i s s i p a t e  e q u a l l y  and s u b s t a n -  
t i a l l y  o v e r  s c a l e s  of l o 4  km i n  t h e  X-ray b r i g h t  p o i n t s  and over s c a l e s  of 105 km 
i n  t h e  normal a c t i v e  r e g i o n s .  Some a u t h o r s  a p p e a l  t o  r e s o n a n c e  e f f e c t s  ( c f .  
D a v i l a ,  1985) and t o  tu rbu len t  energy cascade (Hollweg, 1984), which a l l  r e q u i r e s  
a broad input  wave spectrum, from per iods  ~f 10' s ec  down t o  10 s e c ,  i n  o r d e r  t o  
func t ion  equa l ly  over a l l  s c a l e s  from l o 4  t o  l o 5  km. 

Our own view i s  t h a t  t he  s c a l e  independence  of  t h e  X-ray c o r o n a l  f e a t u r e s  
does not  look l i k e  a resonance phenomenon. Wave hea t ing  as t h e  p r i n c i p a l  cause of 
t h e  co rona  r e q u i r e s  t o o  many s p e c i a l  c i r c u m s t a n c e s .  It  i s  t i m e  t o  l o o k  f o r  
a l t e r n a t i v e s .  

2. SMALL-SCALE STORAGE OF MAGNETIC ENERGY 

Energy i s  c o n t i r i u a l l y  introduced i n t o  t h e  b i p o l a r  magnetic f i e l d s  above t h e  
s u r f a c e  of t h e  sun by the  random wandering of t he  f o o t p o i n t s  of t he  f i e l d  (Parker ,  
1983b) .  The i n d i v i d u a l  magne t i c  f i b r i l s  a t  t h e  photosphere are  kicked about by 
t h e  granules  a t  v e l o c i t i e s  of some f r a c t i o n  of a km/sec.  The mot ions  c a n n o t  be 
w e l l  o r d e r e d ,  w i t h  t h e  r e s u l t  t h a t  any  g i v e n  f i b r i l  spends i t s  time wandering 
among the  neighboring f i b r i l s ,  s a y  w i t h  a v e l o c i t y  U. The f l u x  b u n d l e  i n  t h e  
co rona  t r a i l s  o u t  behind i t s  wandering photospheric  foo tpo in t  and meanders among 
the  neighboring f l u x  bundles a long t h e  random pa th  of t he  f o o t p o i n t .  The l e n g t h  
of t h e  pa th  t r ave r sed  by t h e  foo tpo in t  a t  t h e  photosphere a f t e r  a time t i s  u t .  

Then cons ider  t h e  idea l i zed  s i t u a t i o n  i l l u s t r a t e d  i n  Fig. 1, wherein t h e r e  i s  
a v e r t i c a l  u n i f o r m  f i e l d  e,Bo , except f o r  one wandering f l u x  bundle whose upper 
end i s  anchored a t  a h o r i z o n t a l  p l a n e  z=L above t h e  s u r f a c e  z=O on which  t h e  
f o o t p o i n t  wanders  a t  random. The r e g i o n  i s  f i l l e d  w i t h  a tenuous i n f i n i t e l y  
conducting f l u i d .  The v e r t i c a l  component Bo of t h e  f i e l d  i n  t h e  wander ing  f l u x  
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z =  0 
FIG. 1 A s k e t c h  o f  a f l u x  bundle whose foo tpo in t  has been d isp laced  a d i s t a n c e  

u t  a long a random path among t h e  o the r  f l u x  bundles.  The dashed l i n e  on 
the  plane z=O i nd ica t e s  the  t r ack  of t he  foo tpo in t .  

b u n d l e  i s  e s s e n t i a l l y  unaf fec ted  by t he  i n c l i n a t i o n  8 of the  bundle t o  t h e  v e r t i -  
I ca l ,  where 

The h o r i z o n t a l  component of t h e  f i e l d  i s  

BL = BO t an  8 

= BO u t /L  

The t ens ion  i n  t h e  inc l ined  bundle,  t r a i l i n g  out  behind the  f o o t p o i n t ,  opposes t h e  
random walk v e l o c i t y  u of t he  foo tpo in t  wi th  the  Maxwell stress B _ I _ B ~ / ~ T ~  , so t h a t  

I 

I t h e  motion of t h e  foo tpo in t  does work on t h e  f i e l d  a t  a r a t e  

B2  u 2 t  

47rL ergs/cm2 sec  - 0 - 
( 3 )  

This energy accumulates i n  t h e  f i e l d ,  o f  c o u r s e .  Every  f o o t p o i n t  ( i . e .  e v e r y  
i n d i v i d u a l  f i b r i l )  i s  u n d e r g o i n g  a s t a t i s t i c a l l y  s imilar  random walk, w i th  the  
r e s u l t  t h a t  W i s  an es t imate  of t h e  average ra te  of energy input  over the  magnetic 

Note t h a t ,  beginning wi th  a uniform v e r t i c a l  f i e l d  a t  t i m e  t = O ,  t h e  r a t e  o f  
energy input  i nc reases  l i n e a r l y  wi th  t h e  passage of time, as the  magnetic stresses 
opposing t h e  motion of t he  foo tpo in t  become l a r g e r .  The accumulated energy i n  t h e  
f i e l d  i s  

1 
I 

i f i e l d .  
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B 2  u 2 t 2  
= ergs/cm 8r L ( 4 )  

and i n c r e a s e s  q u a d r a t i c a l l y  w i t h  time. 
gauss and L = l o 5  

For a normal a c t i v e  reg ion  with B 0 = l o2  
cm, a random motion u = 0.5 km/sec y i e l d s  

u t /L  = 0.5x10’5t, 
W = 2x102t ergs/cm sec 
U = Ix102t’ergs/cm 

We presume t h a t  t h e  accumula t ion  of ene rgy  i n  t h e  small-scale  s t r a i n s  g o e s  on 
u n t i l  e i t h e r  t he  magnetic stress opposing t h e  foo tpo in t  motions becomes so s t r o n g  
as t o  h a l t  t he  motions,  o r ,  a s  seems more l i k e l y ,  some form of d i s s i p a t i o n  appears  
t h a t  d e s t r o y s  t h e  accumulating small s c a l e  s t r a i n s  i n  t h e  f i e l d  as r a p i d l y  as t h e  
s t r a i n s  can be produced by t h e  motion of t he  foo tpo in t s .  

This ,  then,  i s  t h e  s t a t e  of t h e  b i p o l a r  magnetic f i e l d s  i n  t h e  sun. There i s  
a s u b s t a n t i a l  energy s tored  i n  small-scale  s t r a i n s ,  on s c a l e s  less than  l o 3  km, as 
a consequence of t h e  convect ive motions a t  t h e  photosphere.  

3 .  SPONTANEOUS APPEARANCE OF DISCONTINUITIES 

Cons ide r  how t h e  small-scale  d i s t o r t i o n s  introduced i n  a l a r g e  s c a l e  b i p o l a r  
magnetic f i e l d  B by t h e  small  s c a l e  ( I  2 l o 3  km) motions u of  t h e  f o o t p o i n t s  c a n  
be d i s s i p a t e d  i n  a plasma a t  2-3x10 O K .  The r e s i s t i v e  d i f f u s i o n  c o e f f i c i e n t  i s  
only l o 3  cm /sec ( g %  1 0 1 7 / s e c ) .  The c h a r a c t e r i s t i c  d i s s i p a t i o n  t i m e  over a scale 
of 103 km i s  105 years .  There can be s i g n i f i c a n t  d i s s i p a t i o n  only  i f  t h e  charac- 
t e r i s t ic  g rad ien t s  ( c u r l )  w i t h i n  t h e  f i e l d  a r e  enormously  i n c r e a s e d  above t h e  
c h a r a c t e r i s t i c  va lue  B/ 1. 

We are f a m i l i a r  wi th  t h e  p o t e n t i a l  f i e l d s  of  e l e c t r o s t a t i c s  and  magnetos-  
t a t i c s  i n  nonconduc t ing  med ia ,  i n  which t h e  f i e l d  i s  d e s c r i b e d  by t h e  s i n g l e  
s c a l a r  equat ion 

6 

v 2 g  = 0 

There i s  a unique s o l u t i o n  f o r  any g iven  d i s t r i b u t i o n  of  0 ( o r  a @ / a n )  o v e r  t h e  
b o u n d a r i e s ,  and t h a t  s o l u t i o n  i s  as we l l  behaved as t h e  boundary condi t ions .  The 
inhomogeneities introduced a t  t h e  boundary d e c l i n e  e x p o n e n t i a l l y  inward from t h e  
boundary ,  s o  t h a t  g r a d i e n t s  B / I  i n t r o d u c e d  a t  t he  boundaries  diminish i n t o  t h e  
f i e l d .  

i n  a highly conducting f l u i d  of neg l i -  
g i b l e  p re s su re  p s a t i s f i e s  t he  f a m i l i a r  force- f ree  equat ion  (Vxff)x8=0, so t h a t  

On t h e  o t h e r  hand, a magnetic f i e l d  

V x B= a ( r ) R ,  (8)  

and, w i th  V*R-0, i t  fo l lows  t h a t  

8-Va= 0. 

These nonl inear  equat ions have  q u i t e  d i f f e r e n t  p r o p e r t i e s  from t h e  l i n e a r  La- I 

p lace  equat ion.  In  p a r t i c u l a r  they  are  vec to r  equat ions,  so t h a t  t h e  connec t iv i ty  I 
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o r  topology of t he  frozen-in f i e l d  plays an e s s e n t i a l  r o l e .  The r e s u l t  i s  tangen- 
t i a l  d i s c o n t i n u i t i e s  i n  a f i e l d  w i t h  any  but  t he  most s p e c i a l  topologies .  The 
t a n g e n t i a l  d i s c o n t i n u i t y  i s  a s u r f a c e  a c r o s s  which )R!  i s  c o n t i n u o u s  b u t  t h e  
d i r e c t i o n  o f  6 i s  d i s c o n t i n u o u s .  The c u r l  of t he  f i e l d  i s  e s s e n t i a l l y  a Dirac- 
d e l t a  func t ion  a t  t h e  d i s c o n t i n u i t y ,  providing a cu r ren t  shee t .  

The f o r m a t i o n  o f  c u r r e n t  s h e e t s  i n  c o m p l i c a t e d  f i e l d  topologies  has been 
developed from s e v e r a l  d i r e c t i o n s .  S y r o v a t s k y  (1966,  1978 ,  1981;  Bobrova and 
S y r o v a t s k i ,  1979;  Low and Hu, 1983)  p o i n t e d  out  t h a t  a c u r r e n t  shee t  i s  formed 
when an X-type n e u t r a l  po in t  i s  squashed i n  one d i r e c t i o n  o r  a n o t h e r .  The c i r -  
cumstances  unde r  which t h e  s t r a i n s  introduced i n t o  t h e  f i e l d  may accomplish t h i s  
f e a t  emerge from the  t reatment  of t h e  simple problem of a m a g n e t i c  f i e l d  e,B, , 
i n i t i a l l y  u n i f o r m ,  extending between t h e  boundary p lanes  z=O and z=L. The foot -  
po in t s  a t  z=O are then moved a b o u t  and mixed among e a c h  o t h e r  by some bounded 
c o n t i n u o u s  mapping w i t h  c h a r a c t e r i s t i c  s c a l e  I (<<L) so t h a t  t he  l i n e s  of f o r c e  
are  wound and interwoven among each o the r  i n  t h e i r  ex tens ion  from 2-0 t o  z=L. The 
elementary pe r tu rba t ion  expansion about t he  i n i t i a l  f i e l d  (Parker ,  1972, 1979; see 
a l s o  Tsinganos, 1982) produces only those s o l u t i o n s  t h a t  a r e  i n v a r i a n t  a l o n g  t h e  
i n i t i a l  f i e l d  (a/az =O). Van Bal legooi jen (1985) has shown r e c e n t l y  t h a t  t he re  i s  
a more gene ra l  pe r tu rba t ion  s o l u t i o n  i n  which a v a r i a t i o n  w i t h  z i s  p e r m i t t e d  of  
t h e  s p e c i a l  form 

w h e r e  a i s  t h e  t o r s i o n  c o e f f i c i e n t  a p p e a r i n g  i n  e q n s .  (8)  and ( 9 ) , a n d  t h e  
t r ansve r se  components of t he  f i e l d ,  produced by the  winding of t h e  l i n e s  of f o r c e ,  
are  expressed i n  terms of the  vec tor  p o t e n t i a l  A by 

so t h a t  

a = - ( a 2 A / a X 2  + a2A/ay2) 

Van B a l l e g o o i j e n  p o i n t s  o u t  t h a t  equat ion (10) i s  exac t ly  analogous t o  t h e  
two dimensional v o r t i c i t y  e q u a t i o n  f o r  t h e  mot ion  of  a n  i d e a l  i n v i s c i d  f l u i d  
descr ibed by t h e  s t r e a m  f u n c t i o n $ ,  so t h a t  

The v o r t i c i t y  i s  then 

and the  v o r t i c i t y  equat ion is  

b p aw a u  - aw a 2  
a t  a y a x  a x a Y  (11) 

It f o l l o w s  t h a t  t h e  m a g n e t i c  f i e l d  v a r i e s  w i t h  z i n  t h e  same way t h a t  t h e  vor- 
t i c i t y  v a r i e s  wi th  the  passage of t i m e .  There i s  c o n s i d e r a b l e  knowledge of  t h e  
p r o p e r t i e s  of  two d i m e n s i o n a l  v o r t e x  f l o w s  of  i n v i s c i d  f l u i d s  ( c f .  Batchelor ,  
1967).  I n  p a r t i c u l a r ,  it fol lows t h a t  t h e r e  is a well  behaved continuous s o l u t i o n  
t o  ( 1 0 )  f o r  any  bounded c o n t i n u o u s  smooth vec to r  p o t e n t i a l  A s p e c i f i e d  on 2'0. 
From t h i s  f a c t  Van Bal legooi jen a s s e r t e d  t h a t  t h e  bounded c o n t i n u o u s  mapping o f  
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t h e  f o o t p o i n t s  of  t h e  f i e l d  c a n n o t  produce  d i s c o n t i n u i t i e s  i n  t h e  f i e l d .  This 
ove r looks  t h e  f a c t  t h a t  t h e  winding  and i n t e r w e a v i n g  of  t h e  v o r t e x  l i n e s  i s  
r e s t r i c t e d  t o  t h e  s p e c i a l  form descr ibed  by t h e  v o r t i c i t y  equat ion (11) which, f o r  
i n s t ance ,  does not  a l low bra id ing  of t h r e e  vo r t ex  f i l amen t s ) ,  whereas we a r e  f r e e  
t o  i n t r o d u c e  any a r b i t r a r y  winding p a t t e r n  through continuous motion of t h e  foot-  
po in t s  of t he  f i e l d .  It can  be shown by f o r m a l  deve lopment  of  t h e  f o r c e - f r e e  
e q u a t i o n s  ( 8 )  and ( 9 )  ( P a r k e r ,  1986a ,b )  t h a t  d i s c o n t i n u i t i e s  occur i n  ct and 0 
un les s  the  mapping of the  foo tpo in t s  i s  e s p e c i a l l y  r e s t r i c t e d  t o  t h e  v o r t i c i t y  
e q u a t i o n .  The recent  papers  by Moffat (1985,1986) d i scuss  the  ubiqui tous  discon- 
t i n u i t i e s  (vor tex  s h e e t s )  as a genera l  p r o p e r t y  of  t h e  E u l e r  e q u a t i o n s  f o r  t h e  
i d e a l  i n v i s c i d  f l u i d .  Tsinganos, Dis t ler ,  and Rosner (1984) develop t h e  analogy 
between the  l i n e s  of f o r c e  and t h e  t r a j e c t o r y  of  a H a m i l t o n i a n  sys t em i n  p h a s e  
space. 

I n  t h e  p re sen t  expos i t i on  w e  i l l u s t r a t e  t h e  spontaneous f o r m a t i o n  o f  a t a n -  
g e n t i a l  d i s c o n t i n u i t y  w i t h  a s imple example (Parker ,  1987). Consider a twis ted  
f l u x  bundle extending uniformly (a/az=O) from z=O t o  +L ( ske tched  i n  F i g .  2 )  and 
f i t t i n g  s m o o t h l y  i n t o  the  ambient uniform f i e l d  e,B, t h a t  surrounds i t .  That i s  
t o  s a y ,  t h e  h e l i c i t y  of t h e  magnetic f i e l d  dec l ines  t o  zero a t  t h e  s u r f a c e  o f  t h e  
bund le .  I n d e e d ,  w e  may d e f i n e  the  s u r f a c e  of t he  bundle by the  vanishing o f ' t h e  

FIG. 2 A ske tch  of a twis ted  f l u x  
whose f i e l d  f i t s  smoothly 
f i e l d  Ba. 

h e l i c i t v .  The t w i s t e d  f l u x  b u n d l e  

bundle ex tending  u n i f o r m l y  f rom z=O t o  z=L 
and cont inuously onto the  surrounding uniform 

i s  i n  f o r c e - f r e e  e q u i l i b r i u m ,  s o  t h a t  t h e  
h e l i c a l - f i e l d  wi th in  t h e  twis ted  f l u x  bundle can be expressed i n  terms of a gener- 
a t i n g  func t ion  f(m),  where a =  (x2+ y2)% rep resen t s  d i s t a n c e  from t h e  a x i s  o f  t h e  
bundle. Then (LGs t  and SchlGter,  1954a,b) 

= f(af)  + &af'(7iS), By = - &af  '(On) 
BZ 

with  B 
f i e l d  can a l s o  be descr ibed by 

f a l l i n g  t o  zero a t  t h e  su r face  of t h e  bundle, where f=$. The equi l ibr ium 
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with  

= B i  (A) 

and - a2A 

a x 2  + ay2 z 
a2A + B (A)B:(A)=O 

Formal examples of tw i s t ed  f l u x  tubes  formed by bounded continuous r o t a t i o n  of t h e  
f o o t p o i n t s  may be found i n  t h e  l i t e r a t u r e  ( c f .  Parker ,  1987) 

We c o n s i d e r  h e r e  t h e  c a s e  where t h e  t w i s t e d  bundle i s  pressed  between two 
p lanes  y = +h (or  two o t h e r  s imilar  twis ted  f l u x  bundles)  so t h a t  i t  i s  squashed  
i n t o  a f l a t t e n e d  c r o s s  s e c t i o n ,  w i t h  t h i c k n e s s  2h and width 2w, i n  t h e  manner 
sketched i n  Fig. 3. The twis ted  bundle resists t h e  squashing,  of cour se ,  so t h a t  
some f i n i t e  incremental  p re s su re  AP = BB6/87r (where 6 i s  a number of  t h e  o rde r  of 
u n i t y )  must be app l i ed  by the  conf in ing  p l anes  y = t h  t o  squash a s t r o n g l y  twis ted  
b u n d l e .  Thus ,  whereas  t h e  a m b i e n t  p r e s s u r e  i s  P = BO/8. r r ,  t h e  l o c a l  magnetic 
p re s su re  a long  t h e  mid l ine  x=O, y = +h of t h e  f l a t t e n e d  s u r f a c e  o f  t h e  f l u x  t u b e  
is  l a r g e r ,  P + AP = P(l+B).  I n  moving i n  t h e  x-d i rec t ion  away from t h e  midl ine  of 
t h e  f l a t t e n e d  s i d e ,  t h e  magnetic p re s su re  d e c l i n e s  by AP. E q u i l i b r i u m  r e q u i r e s  
t h a t  some f o r c e  b a l a n c e  t h e  ou tward  t h r u s t  o f  t h i s  l o c a l l y  enhanced pressure .  

~ 

+h Ip+Ap 
FIG. 3 A s k e t c h  o f  t h e  c r o s s  s e c t i o n  of t h e  f l u x  bundle i n  Fig. 2 a f t e r  being 

squashed between t h e  two planes y = h ,  so  t h a t  t h e  w i d t h  becomes 2w. 
The c r o s s  h a t c h e d  r e g i o n  r e p r e s e n t s  t h e  t h i n  layer of f l u x  a t  t h e  sur -  
f a c e  of t h e  bundle, extending from t h e  midl ine  x=O t o  x= + m .  

Only t h e  t ens ion  i n  t h e  l i n e s  of f o r c e  i s  a v a i l a b l e ,  i n  t h e  amount B j j 4 ~  where B_r: 
i s  t h e  t r a n s v e r s e  component o f  t h e  f i e l d  a t  t h e  s u r f a c e  of  t h e  f l u x  tube.  Thed 
t h e  t o t a l  p re s su re  a t  t h e  su r face  i s  ( B i  + B:)/8 where  BZ i s  t h e  l o n g i t u d i n a l  
component, from which i t  fol lows t h a t  

C o n s i d e r  t h e n  a t h i n  l a y e r  of f l u x  on t h e  s u r f a c e  of t h e  twis ted  f l u x  tube.  The 
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l aye r  i s  ind ica t ed  by t h e  c r o s s  h a t c h e d  a r e a  i n  F i g .  3. The t h i c k n e s s  of t h e  
l a y e r  a t  t h e  m i d l i n e  o f  t h e  f l a t t e n e d  q i d e  ( a t  x=O, y = +h) i s  Ay, so t h a t  t h e  
tens ion  exer ted  on t h e  layer t h e r e  i s  AyB /4n .  The enhanced p r e s s u r e  i s  AP, of 
c o u r s e ,  s o  t h a t  t h e  n e t  f o r c e  i n  t h e  p o s i t i v e  x - d i r e c t i o n  exer ted  on the  t h i n  
l a y e r  a t  x-0 i s  

There i s  no n e t  f o r c e  i n  the  x-d i rec t ion  exer ted  on the  upper su r face  y=h, nor on 
y=O t h r o u g h o u t  x>w, nor  a t  x = +a where t h e  enhance p res su re  f a l l s  t o  zero. The 
only p lace  t h a t  AP makes i t s e l f  f e l t  i s  a l o n g  t h e  lower  s u r f a c e  of  t h e  l a y e r .  
Hence the  t o t a l  fo rce  i n  t h e  x-d i rec t ion  exer ted  on the  layer i s  

h-Ay 
Fx = Ay[AP(O,h) - B 2  (0 ,h) /4n]  + J* dy AP(x,Y) 

0 

where t h e  i n t e g r a l  i s  along the  lower su r face  of t he  layer from where i t  c rosses  
the  x-axis a t  x=w t o  where i t  c r o s s e s  t h e  y -ax i s  a t  y = h-Ay. S i n c e  Fx=O f o r  
equi l ibr ium,  i t  fol lows t h a t  

B2(0,h) h-Ay 

d y  AP(x,y) (13) 4n A Y  , 
1 = AP(0,h) + - 

To es t imate  a lower l i m i t  on B (0 ,h)  no te  t h a t  AP(x,y)>O, so  t h a t  both terms 
Hence, dropping  t h e  i n t e g r a l  on t h e  r i g h t  on the  r i g h t  hand s i d e  a re  p o s i t i v e .  

hand s i d e  i t  fol lows t h a t  

S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  (12) y i e l d s  

B 2  
Z 

< B 2  (l++B) 
0 

from which i t  fol lows t h a t  

(15) 

The p o i n t  of  t h i s  i n e q u a l i t y  i s  t h a t  B,/B, i s  of t h e  o rde r  of un i ty ,  i . e .  of t h e  
o r d e r  of (B/2)+. The f i e l d  a t  t he  s u r f a c e  of t h e  twis ted  f l u x  bundle i s  i n c l i n e d  
t o  t h e  z -d i rec t ion  by an a n g l e 3  where 

Note t h a t  t h e  f i e l d  a t  t h e  s u r f a c e  of  t h e  f l u x  bundle was p a r a l l e l  t o  t h e  
a x i s  of t h e  bundle (B$ + O )  p r i o r  t o  s q u a s h i n g  t h e  bund le .  The s u b s e q u e n t  i n -  
c l i n a t i o n  3 of the  s u r f a c e  f i e l d  t o  t h e  ambient f i e l d  d i r e c t i o n  depends only upon 
the  enhanced p res su re  AP = f,B;/8~ appl ied  t o  squash the  tube.  It is i n d e p e n d e n t  
of t h e  i n i t i a l  s t a t e  of t w i s t i n g  of t h e  tube. Only the  s i g n  of t h e  i n c l i n a t i o n  is 
obedient  t o  t h e  o r i g i n a l  tw i s t ing .  And t h a t  i s  how t h e  s p o n t a n e o u s  t a n g e n t i a l  
d i s c o n t i n u i t y  i s  crea ted .  
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Wherever a loca l i zed  enhanced p res su re  i s  app l i ed  t o  a t w i s t e d  f l u x  bund le ,  
t h e  f i e l d  a t  t h e  s u r f a c e  of t h e  bundle i s  s t rong ly  r o t a t e d  r e l a t i v e  t o  t h e  l o c a l  
d i r e c t i o n  of t h e  f l u x  b u n d l e  . U n l e s s  t h e  f l u x  b u n d l e  e x e r t i n g  t h e  enhanced 
p res su re  i s  t h e  mir ror  image of t he  bundle being squashed, and t h e  two bundles are 
p r e c i s e l y  p a r a l l e l  wher they  are i n  con tac t ,  t h e  f i e l d s  on e i t h e r  s i d e  o f  t h e i r  
common s u r f a c e  t a k e  up d i f f e r e n t  d i r e c t i o n s .  I f ,  then,  we s h u f f l e  and intermix 
t h e  foo tpo in t s  of t h e  magnetic f i e l d  i n  some a r b i t r a r y  bounded cont inuous manner ,  
t h e  f l u x  b u n d l e s  t h a t  make up the  r e s u l t i n g  f i e l d  are twi s t ed ,  wound, and i n t e r -  
woven i n  a r b i t r a r y  p a t t e r n s  t h a t  produce spontaneous m i s a l i g n m e n t  of t h e  f i e l d s  
a c r o s s  t h e  b o u n d a r i e s  of  t h e  l o c a l  t o p o l o g i c a l  p a t t e r n s  i n  t h e  w i n d i n g  and 
wrapping. The continuous f i e l d s  become discont inuous because t h e  topology becomes 
d i s c o n t i n u o u s  where one twis ted  f l u x  bundle i s  pressed a g a i n s t ,  o r  pu l led  around, 
a n o t h e r .  The d i s c o n t i n u i t y  i n  t h e  t o p o l o g y  ( c r e a t e d  when t w i s t e d  t u b e s  a r e  
p r e s s e d  t o g e t h e r )  c r e a t e s  t h e  d i s c o n t i n u i t y  i n  t h e  f i e l d  d i r e c t i o n  through t h e  

T h i s  i d e n t i f i e s ,  t h e n ,  where t h e  X-type n e u t r a l  po in t s  may be f l a t t e n e d  by 
t h e  g loba l  magnetic stresses t o  form c u r r e n t  shee t s .  The phenomenon a r i s e s  spon-  
t a n e o u s l y  and u n a v o i d a b l y  t h r o u g h o u t  any  m a g n e t i c  f i e l d  s u b j e c t  t o  i n t e r n a l  
winding and interweaving t h a t  does not  a d h e r e  e x a c t l y  t o  t h e  s t r i c t u r e s  of  t h e  
" v o r t i c i t y "  equat ion.  The i n t e r e s t e d  reader  i s  r e fe red  t o  t h e  more formal treat-  
ment of t h e  spontaneous  f o r m a t i o n  of  t a n g e n t i a l  d i s c o n t i n u i t i e s  i n  t h e  f i e l d  
(Parker ,  1981a,b, 1982, 1983a,c,d, 1986a,b, 1987). 

r o t a t i o n  descr ibed  by t h e  above example 1 . 

4. FORMATION OF THE STELLAR X-RAY CORONA 

We s u g g e s t  t h a t  t h e  s m a l l - s c a l e  s t r a i n s  introduced i n  t h e  b ipo la r  magnetic 
f i e l d s  above t h e  su r face  of t h e  sun (§I11 a r e  r e l i e v e d  by t h e  d i s s i p a t i o n  t h a t  
a r i s e s  a t  t h e  t a n g e n t i a l  d i s c o n t i u i t i e s  t h a t  are an  e s s e n t i a l  p a r t  of t h e  force-  
f r e e  equi l ibr ium ( § I I I ) .  It remains f o r  observa t ions  t o  e s t a b l i s h  the  v e l o c i t y  u 
w i t h  which t h e  foo tpo in t s  of t h e  f i e l d  a re  shuf f l ed  among each o the r .  I n  view of 
t h e  observed h o r i z o n t a l  motions of 1-3 km/sec a t  t h e  v i s i b l e  s u r f a c e  of t h e  sun w e  
would imagine t h a t  u i s  a s u b s t a n t i a l  f r a c t i o n  of 1 km/sec, perhaps u=O.5 km/sec. 

Consider,  then ,  t he  requirements f o r  hea t ing  t h e  X-ray corona by the  d i s s i p a -  
t i o n  a t  t h e  d i s c o n t i n u i t i e s ,  presumably by n e u t r a l  p o i n t  reconnect ion i n  one form 
o r  another .  We imagine a mean s t r a i n  l e v e l  i n  which t h e  motion of t h e  f o o t p o i n t s  
d o e s  work on t h e  f i e l d  a t  t h e  necessary ra te  .W = l o 7  ergs/cm2 sec,  and t h e  d i s -  
s i p a t i o n  r e l i e v e s  the  s t r a i n s  as r a p i d l y  as  they are  introduced. S t a r t i n g  from an 
i n i t i a l  u n i f o r m  f i e l d ,  i t  f o l l o w s  from eqn. (6)  t h a t  W reaches lo7 ergs/cm sec 
a f t e r  a t i m e  t=0.5x105 sec f o r  t h e  c h a r a c t e r i s t i c  d imens ions  (L=105 km) of  a 
normal a c t i v e  region.  A t  t h i s  po in t  eqn. ( 5 )  g ives  u t / L  = 1/4.  The l o c a l  s t r a i n s  
i n  t h e  f i e l d  involve i n c l i n a t i o n s  t o  t h e  mean f i e l d  d i r e c t i o n  by a c h a r a c t e r i s t i c  
v a l u e  of  14" .  T h i s  same s t a t e  i s  r e a c h e d  i n  a n  X-ray b r i g h t  po in t  (L=104 km) 
a f t e r  a t i m e  t=0.5x104 sec. 

We s u g g e s t  t h a t  t h e  X-ray co rona  of  t h e  sun i s  produced p r imar i ly  by t h i s  
e f f e c t  (Parker ,  1983b). It i s  n o t  p o s s i b l e  t o  compute t h e  r e c o n n e c t i o n  r a t e s  
a s s o c i a t e d  wi th  t h e  power input  W = lo7  ergs/cm We no te  t h a t  t he  ra te  l i e s  
between t h e  t h e o r e t i c a l  lower and upper l i m i t s  f o r  reconnect ion  ( P a r k e r ,  1983b) .  
It must be apprec ia ted  t h a t  t h e  slower t h e  reconnect ion ra te ,  t h e  more i n t e n s e  are 
t h e  small-scale  s t r a i n s  i n  t h e  f i e l d  when d i s s i p a t i o n  f i n a l l y  r i s e s  t o  t h e  i n p u t  
l e v e l ,  and t h e  more work i s  done on t h e  f i e l d  by t h e  motions of t h e  foo tpo in t s .  

sec.  

1. I t  i s  well  known t h a t  a twis ted  f l u x  bundle i s  s u b j e c t  t o  a k i n k  i n s t a b i l i t y  
which s e r v e s  o n l y  t o  p roduce  a d d i t i o n a l  t a n g e n t i a l  d i s c o n t i n u i t i e s  a t  t h e  
s u r f a c e  (Rosenbluth, Dagazian, and Rutherford,  1973). 
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The r e s u l t  is  a h i g h e r  l e v e l  of energy i n p u t  t o  t h e  corona.  E v i d e n t l y  a b a l a n c e  
i s  s t r u c k  when t h e  c o r o n a l  g a s  d e n s i t y  r i s e s  t o  1 O 1 O  atoms/cm. and t h e  Alfven  
speed (which c h a r a c t e r i z e s  t h e  r e c o n n e c t i o n  r a t e )  f a l l s  t o  2000 k m / s e c .  I n  a n y  
case t h e  d i s s i p a t i o n  i s  p r o b a b l y  s p o r a d i c  and b u r s t y  on t h e  small-scale of t h e  
i n d i v i d u a l  d i s c o n t i n u i t i e s  ( c u r r e n t  s h e e t s )  w i t h  w i d t h s  o f  1 0 7 - 1 0 8  cm. The ob- 
served  quas i - s teady  X-ray corona i s  expected t o  be h i g h l y  a c t i v e  i n  t h e  small. 

It i s  obvious from t h i s  b r i e f  d e s c r i p t i o n  o f  t h e  d i s s i p a t i o n  a t  m a g n e t i c  
d i s c o n t i n u i t i e s  t h a t  t h e  t h e o r y  of  c o r o n a l  h e a t i n g  c a l l s  upon t h e  smallest known 
magnet ic  s t r u c t u r e s  i n  t h e  s u n .  T h e r e f o r e ,  t h e  t h e o r y  c a n n o t  b e  r e g a r d e d  a s  
e s t a b l i s h e d  u n t i l  o b s e r v a t i o n s  a t  h igh  s p a t i a l  and s p e c t r a l  r e s o l u t i o n  can e s t a b -  
l i s h  t h e  random motions of  t h e  magnet ic  f i b r i l s  a t  t h e  p h o t o s p h e r e  and  p r o v i d e  
d i r e c t  e v i d e n c e  f o r  t h e  small-scale d i s s i p a t i o n  i n  t h e  X-ray corona.  U n t i l  t h e  
o b s e r v a t i o n s  have accomplished t h e s e  t a s k s  t o  some s a t  i s f a c t o r y  d e g r e e ,  t h e  ac- 
c u m u l a t i n g  o b s e r v a t i o n s  o f  s t e l l a r  X-ray e m i s s i o n  c a n  b e  t r e a t e d  o n l y  a t  t h e  
phenomenological level.  I h o p e  t h a t  i t  w i l l  n o t  b e  t o o  many y e a r s  b e f o r e  t h e  
t h e o r y  c a n  be e s t a b l i s h e d ,  o r  r e f u t e d ,  by o b s e r v a t i o n s  of t h e  sun,  s o  t h a t  w e  can  
g e t  on  w i t h  t h e  s c i e n t i f i c  i n t e r p r e t a t i o n  o f  t h e  f a s c i n a t i n g  s t e l l a r  X - r a y  
o b s e r v a t i o n s .  

T h i s  work was s u p p o r t e d  in p a r t  b y  t h e  N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  
Adminis t ra t  i o n  under NASA g r a n t  NGL i4-001-001. 
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